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Scaling properties of the fracture surfaces of a crystalline polymer
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Abstract
The scaling properties of the fracture surfaces of polyamide 6 are explored in this work. Fracture surfaces were generated by three-point
bending on samples with different thermal history and hence different spherulite size distribution. The topometric analysis was based on
atomic force microscopy and the self-affine parameters were determined by the variable bandwidth method. Values of the roughness
exponent are in the range of 0.84–0.87, which is significantly higher than the so-called universal value of 0.78–0.80 reported for a variety of
materials broken in similar kinetic conditions.
q 2004 Elsevier Ltd. All rights reserved.
Keywords: Self-affinity; Fracture surfaces; Polyamide 6
1. Introduction
Despite the considerable effort that has been undertaken
both by engineers and scientists of different disciplines,
crack propagation and the fracture of materials continues to
be catastrophic phenomena of scientific, technological and
economical importance. The classical approach to elucidate
the fracture process was based on the application of linear
elastic fracture mechanics to the interpretation, often
subjective, of the topographic details of fracture surfaces
as observed mainly by Scanning Electron Microscopy
(SEM). Though these studies provided invaluable infor-
mation, the statistical and fractal character of the fracture
surfaces was only recognized after the pioneering work of
Mandelbrot [1]. The complex patterns developed during
crack propagation could not be quantified before these
developments, Mandelbrot was the first to characterize
fracture surfaces of metals by quantifying their fractal
dimension. Following this work, methods derived from
fractal geometry have been applied to the study of the fractal
or, more properly, the self-affine character of fracture
surfaces on all types of materials [2–15].
State-of-the-art fractometric methods are based on the
statistical and self-affine analysis of height profiles extracted
from the fracture surfaces [16] as observed using different
techniques such as atomic force microscopy (AFM), SEM,
optical microscopy and stylus profilometers, among others.
The determination of the scaling properties is achieved
using either the fractal dimension [1,4] or the Hurst or
roughness exponent, z [5–16]. It is now clearly established
that fracture surfaces are anisotropic or self-affine fractals
characterized by the roughness exponent, which quantifies
the scaling of the typical height, hðrÞ; according to the power
law expressed by Eq. (1):
hðrÞ ¼ k½zðr0 þ rÞ2 zðr0Þ2l1=2r0 ø rz ð1Þ
where z is the height and the brackets k l indicate the average
value. This scaling law implies that the analyzed geometry
is invariant under the affine transformation represented in
Eq. (2):
X! lxX; Y ! lyY; Z ! lzZ with lx ¼ ly; lz ¼ lzx ð2Þ
From the statistical physics point of view, it has been
suggested that the fracture of heterogeneous media has some
universal properties similar to critical phase transitions [17],
it has also been conjectured that the rapid fracture process is
characterized by a universal roughness exponent, though
this has been a controversial topic in recent years [3]. In
many experiments devoted to explore the self-affine
character of the fracture surfaces of a variety of materials,
a characteristic value of z at around 0.78–0.80 has been
reported for metals, ceramics and polymers broken in
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conditions of relatively rapid crack propagation, such as
tension, bending and impact testing. It has also been found
that some fracture surfaces resulting from propagation at
low speeds such as that of fatigue testing below the fatigue
threshold result in a lower value of the roughness exponent,
z < 0:5: This scenario, unfortunately, indicates that the
fracture toughness and other macroscopic properties are not
directly linked to the self-affine character of fracture
surfaces, i.e. there is no relationship between the fractal
dimension or the roughness exponent and the mechanical
properties.
As a natural anisotropic fractal, a fracture surface is self-
affine up to a limiting characteristic length scale, which is
called the correlation length, j: If the analysis of the fracture
surface is performed at length scales beyond the correlation
length, the fracture surface can be described as a flat
Euclidean object.
It has been suggested that the so-called line model [18]
might be applied to the crack propagation phenomenon. In
this model [19] the crack front is considered a continuous
line, which is advancing through the microstructure of the
material under the action of a driving force, the fracture
surface is then the trace left behind by the line as it advances
along its path. The kinetics of the process is then governed
by a non-linear Langevin equation in which the configur-
ation of the line is determined by three contributions: a
uniform applied force, a term representing the force due to
randomness and impurities and a contribution of the elastic
forces between different parts of the line. The morphology
of the line thus influences the resulting roughness of the
fracture surface. According to this model, fracture surfaces
are self-affine because the crack front morphology has a
self-affine character, which arises by the interaction of the
crack front with heterogeneities at different length scales.
This model provides qualitative agreement with the kinetics
of crack propagation in some brittle materials [13,14], but
fails to predict the value of the roughness exponents
observed experimentally. This model has also been applied
to study the possible relationships between microstructural
parameters and the correlation length. It has been reported
that j; for polycrystalline Ni alloys coincides with the grain
size [6], in Al alloys with dendritic sizes [10,11] and in
semi-crystalline polypropylene with spherulitic size [12],
indicating a possible relationship between j and the largest
characteristic heterogeneities.
The present investigation was motivated by the following
observations: Of the many materials that have been studied
under this approach, the majority are metals and ceramics,
only a limited number of polymers have been analyzed with
respect to the self-affine or fractal behavior of the fracture
surfaces, recently Guerrero et al. [15] has reported values of
z ¼ 0:77 for polypropylene and z ¼ 0:71 for polystyrene.
Many questions arise about the possible effect of the
differences and particularities in crack nucleation and
propagation mechanisms in polymers, specially if one
takes into account the viscoelastic effects and energy
absorption by shear yielding and crazing. Another intriguing
question is the possible role of the size of the spherulites and
the quantity of amorphous material on the self-affine
roughness exponents in partially crystalline polymers such
as polyamides.
This work explores the self-affine character of the
fractures surface of polyamide 6 with two different
spherulitic sizes, with the aim of contributing to the study
of crack propagation phenomenon in polymers. Polyamide 6
was considered a good candidate material given that, as it is
the case for many polymers [20–23], it crystallizes
according to the secondary nucleation theory; spheres
constructed with lamellas growing from the nucleation
centers constitute the crystalline superstructure of poly-
amide 6, and both spherulite radius and lamellar thickness
decrease when the crystallization temperature is lowered.
Crystallization takes place in the range of temperatures
defined by the glass transition, Tg; and the equilibrium
melting point, Tm8; both primary nucleation and grow rates
decrease while temperature approaches the range limits
reaching a maximum somewhere between Tg and Tm8: This
behavior permits control of the final average spherulitic size
by controlling the cooling rate.
2. Experimental
The polyamide (ultramid from BASF, USA), was used as
received and characterized by Fourier Transform Infrared
Spectroscopy (FTIR), Differential Scanning Calorimetry
(DSC) and size exclusion chromatography (SEC).
FTIR spectra shows all the characteristic bands of
secondary amides: N–H asymmetric stretching at 3350
and 3170 cm21, C–H stretching in the 2840 to 3000 cm21
region, amide I band at 1650 cm21 and amide II band at
1750 cm21. All this observations along with the agreement
between the data-base and experimental spectra confirm that
the sample is polyamide 6. The DSC and SEC results (Table
1), indicate the polymeric character of the sample.
Specimens were prepared by hot-pressing small discs
2 mm thick and 5 mm in diameter, the conditioning of the
specimens was carried out by cooling from a temperature
slightly above the equilibrium melting point ðTm ¼ 260 8CÞ
[24] to room temperature at controlled rates of 1 and 25 8C/
min in N2 atmosphere into the DSC, another specimen was
quenched from the melt into liquid N2 in order to obtain a
very fast cooling rate.
Table 1
Molecular weight and melting point of the polyamide used in this work
Molecular weight
(g/mol) obtained by SEC
DSC
Mn Mw Mz Mw=Mn Tm
(8C)
34,313 68,683 111,211 2.16 230
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The conditioned specimens were analyzed by SEM and
optical microscopy, in the cases where spherullites were
present their equivalent diameters were measured by image
analysis techniques. After microscopy examination the
specimens were quenched into liquid N2 then fractured by
three-point bending. The topography of the fracture surfaces
was analyzed by AFM in the contact mode, scan sizes were
in the range of 10–100 mm. The best lateral resolution, i.e.
the minimum length scale, obtained in the 10 mm height
profiles was of about 20 nm.
From each of the 512 £ 512 pixels AFM images, 250
uniformly distributed height profiles were extracted, the
profiles were used to perform the self analysis applying the
variable bandwidth method using the standard deviation of
the statistical distribution of the heights [25,26]. In this
method the profile is divided into NðrÞ moving windows of
variable size r; the standard deviation, s; is calculated
within each window and averaged over all the possible
bands of size r: The self-affine function WðrÞ is constructed
according to Eq. (3):
WðrÞ ¼ ð1=NðrÞÞ
XNðrÞ
i¼1
sðiÞ ð3Þ
Finally, the roughness exponent is obtained from a log–log
plot knowing that WðrÞ follows the power law expressed by
Eq. (4):
WðrÞ / rz ð4Þ
3. Results and discussion
The samples cooled at 1 and 25 8C showed, as expected,
a spherulitic morphology, Figs. 1 and 2, whereas in the
sample quenched in liquid N2 there is not evidence of any
crystalline morphology, indicating the amorphous character
of the specimen in this condition (Fig. 3).
In agreement with the secondary nucleation theory, at
first view the spherulitic size in samples cooled at 25 8C/min
are smaller than those cooled at 1 8C/min, this observation
can be certified by looking at the distributions of the
equivalent diameter presented in Figs. 4 and 5, the mean
spherulitic sizes, measured as equivalent diameter are 20.9
and 15.6 mm for the specimens cooled at 1 and 25 8C/min,
Fig. 1. SEM image of spherulites of polyamide 6 cooled at 1 8C/min.
Fig. 2. SEM image of spherulites of polyamide 6 cooled at 25 8C/min.
Fig. 3. SEM image of polyamide 6 quenched in liquid N2.
Fig. 4. Equivalent spherulitic diameter distribution of specimen cooled at
1 8C/min.
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respectively. Thus, the different cooling rates promoted a
difference in sperulitic size of about 5 mm.
The fractures surfaces of the specimens as observed by
SEM are shown in Figs. 6–11. As it can be seen, in all the
cases the overall appearance was of brittle fracture, as
expected from the fracture conditions promoted by the N2
quenching, the fracture surfaces appear relatively smooth at
low magnifications, however, the features revealed at high
magnifications indicate that there existed extensive local
plastic deformation. There is evidence of some fibrillation,
which suggests [27–29] that the fracture was preceded by
crazing. It is also visible that crack propagation was
influenced and promoted by the presence of voids or
bubbles inside the material, thus it is also possible that
fracture proceeded by the advance of a crack generated from
a craze and the interaction of the main crack front with new
fronts of microcraks generated at voids and bubbles, this is
suggested by the presence of secondary cracks. These
‘ductile’ features are not surprising if we recall that it is
known that the fracture process can produce some adiabatic
heating, particularly at the tip of the crack, thus though the
general appearance is of a brittle fracture, there is some
evidence of plastic and viscoelastic deformation.
The topography of the fracture surfaces as revealed by
AFM are shown in Figs. 12–14. As it can be seen, they are
free from defects such as instrumental noise, dust or other
undesirable irregularities, these conditions are important for
the self-affine analysis [15] since the presence of artifacts
may result in erroneous values of the roughness exponents.
It appears that the fracture surface tends to be smoother as
the cooling rate is increased, however our conclusions must
consider first the results of the self-affine analysis discussed
below.
Figs. 15–17 show the self-affine curves for the 250
profiles for each case along with the average plot for the
different cooling treatments, it can be seen that all the
profiles fit to a log–log straight line indicating unequi-
vocally the self-affine character of the fracture surfaces.
Another important feature is the very narrow statistical
dispersion of the data: this is exemplified by the statistical
distribution, Fig. 18, of the roughness exponents of 2750
profiles taken from 11 AFM images corresponding to the
sample cooled at 1 8C/min, the standard deviation of 0.02 is
very low compared to the reported ones in other works
Fig. 5. Equivalent spherulitic diameter distribution of specimen cooled at
25 8C/min.
Fig. 6. SEM image at 150 £ , of the fracture surface of specimen cooled at
1 8C/min.
Fig. 7. SEM image at 1000 £ , of the fracture surface of specimen cooled at
1 8C/min.
Fig. 8. SEM image at 1500 £ , of the fracture surface of specimen cooled at
25 8C/min.
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analyzing synthetic profiles [25] or natural surfaces [15],
and permit us to use smaller sample sizes. In Figs. 19 and 20
are presented the distributions of the roughness exponents of
250 profiles for the specimens cooled at 25 8C and quenched
in liquid N2, respectively. Note that the computed values of
z and the standard deviations are the same than that obtained
for the 2750 profiles corresponding to the specimen cooled
at 1 8C/min. All of the fracture surfaces analyzed showed a
roughness exponent of 0.87 with a standard deviation of
0.02, the statistical analysis permit to assure with a high
reliability that this value characterizes the self-affine nature
of the topography of the fracture surfaces of the polyamide
analyzed when it is broken in bending.
In Figs. 15–17 the self-affine character of the surfaces is
maintained for all the range of scales analyzed, i.e. the
correlation length was not detected. Note that these values
of 0.84–0.87 found for the roughness exponents are clearly
independent of the cooling conditions, thus the presence or
absence of spherulites has no effect on the self-affine
exponent of the resulting surface. This is in agreement with
the observations reported for a variety of materials broken in
similar conditions, however the value is undoubtedly and
significantly higher than the so-called universal value of
0.78–0.80. A possible explanation of this difference might
be associated to the particular mechanisms for polymers that
are not present in general in metals and ceramics at common
Fig. 9. SEM image at 1500 £ , of the fracture surface of specimen cooled at
25 8C/min.
Fig. 10. SEM image at 200 £ , of the fracture surface of specimen quenched
in liquid N2.
Fig. 11. SEM image at 1000 £ , of the fracture surface of specimen
quenched in liquid N2.
Fig. 12. 3D topography of fracture surface of sample cooled at 1 8C/min,
scan size of 40 mm.
Table 2
Differences of sample preparation and morphologies of analyzed and reported [15] roughness exponent of fractures in polymers
Polymer Sample preparation Morphologies Cross section area geometry z^ s
PS Extruder, fast cooling Amorphous Circular 1 mm diameter 0.77 ^ 0.09
I-PP Extruder, fast cooling Semi crystalline Circular 1 mm diameter 0.71 ^ 0.07
Polyamide 6 Hot pressed, cooling rate of 1 8C/min Semi crystalline Rectangular 5 £ 1 mm 0.84 ^ 0.02
Poliamide 6 Hot pressed, cooling rate of 25 8C/min Semi crystalline Rectangular 5 £ 1 mm 0.87 ^ 0.02
Poliamide 6 Hot pressed, quenched in liquid N2 Semi crystalline Rectangular 5 £ 1 mm 0.87 ^ 0.02
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temperatures. Lets recall that in polymers, energy may be
dissipated by different processes such as shear yielding,
crazing, or cracking, all of this implies viscoelastic
deformation of the polymer chains, fibrillation, and finally
the creation of new surface areas. Thus, it is possible that
this combination of effects result in deviations from the
behavior observed in metals and ceramics.
Although it has been reported for materials of diverse
composition and morphology like glasses [8,9], metallic
alloys [10,11] and recently polymers [15], that the self-
affine exponent is always close to the so called universal
value 0:78–0:8; the combined results of this experimen-
tation to those of Guerrero et al. [15] for i-PP and PS, shows
deviations of consideration from these value and are quite
different between them. The main differences between the
samples of analyzed polymers, in addition to their chemical
composition are: the sample preparation, the morphology
and the geometry of the cross-section area (Table 2).
As can be appreciated, is difficult to conclude on the
causes of these differences in z; as observations we can say
that: besides the chemical nature, the geometry of the
sample and its preparation method, are the most evident
variables that could make the difference between low and
high z: Nevertheless more experimentation is necessary to
elucidate the causes of these differences.
4. Conclusions
Specimens of 100% amorphous and partially crystalline
polyamide 6 were prepared, in the case of the partially
crystalline specimens the average spherulitic size depended
on the cooling rates (19 mm for 25 8C/min and 40 mm for
1 8C/min).
The fractographic analysis showed no overall differences
among samples with different thermal treatment, a general
brittle appearance was observed whereas at high magnifi-
cation evidence of local plastic deformation was observed.
The surfaces generated by fracture in three point bend
loading, are clearly self-affine in the range from nanometers
up to 100 mm, they have a roughness exponent in the range
0:84 # z # 0:87 regardless of the heat treatment and the
Fig. 13. 3D topography of fracture surface of sample cooled at 25 8C/min,
scan size of 15 mm.
Fig. 14. 3D topography of fracture surface of sample quenched in liquid N2,
scan size of 15 mm.
Fig. 15. Self-affine curves of 250 profiles (low) and average ( £ ) with
straight line (solid line) of sample cooled at 1 8C/min.
Fig. 16. Self-affine curves of 250 profiles (low) and average ( £ ) with
straight line (solid line) of sample cooled at 25 8C/min.
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morphology, this value is significantly higher than the so
called universal value of 0.78 reported for metals and
ceramics and polymers broken in similar kinetic conditions.
This difference is accounted for by the particular
mechanisms of fracture in polymeric materials. Our results
suggest chemical nature, sample preparation and cross
section area geometry as possible causes of the observed
differences, more experiments are necessary to carry out to
elucidate this behavior.
The correlation length was not detected for the scale
range of this analysis, it is recommended to continue with
this analysis at larger scales.
Acknowledgements
This work was supported by the Mexican Council for
Science and Technology (Conacyt, grant 38873-U), the help
of R. Garza, F. Garza, L. M. Martı´nez, J. Aguilar and
C. Guerrero is gratefully aknowledged.
References
[1] Mandelbrot BB, Passoja DE, Paullay AJ. Nature 1984;308:721–2.
[2] Bouchaud E. J Phys: Condens Matter 1997;9:4319–44.
[3] Balankin A. Engng Fracture Mech 1997;57(2/3):135–203.
[4] Pande CS, Richards LR, Lovat N, Dempey BD, Schwoeble AJ. Acta
Metall 1987;35(7):1633–7.
[5] Bouchaud E. J Phys: Condens Matter 1997;9:4319.
[6] Hinojosa M, Bouchaud E, Nghiem B. In: Beltz GE, Blumberg RL,
Kim KS, Marder MP, editors. Fracture and ductile vs. brittle
behavior—theory, modeling and experiment. Material Research
Society Proceedings, vol. 539. Pennsylvania: Materials Research
Society; 1999. p. 203–8.
[7] Reyes E, Guerrero C, Gonza´lez V, Hinojosa M. In: Robertson IM,
Lassila DH, Devincre B, Phillips R, editors. Multiscale phenomena in
materials—experiments and modeling. Material Research Society
Sympsosium Proceedings, vol. 578. Pennsylvania: Materials Research
Society; 2000. p. 357–61.
[8] Garza F, Hinojosa M, Chavez L. Self-affine properties on fracture
Fig. 17. Self-affine curves of 250 profiles (low) and average ( £ ) with
straight line (solid line) of sample quenched in liquid N2.
Fig. 18. Self-affine exponent distribution for 2750 profiles from 11 AFM
topographies of a sample cooled at 1 8C/min.
Fig. 20. Self-affine exponent distribution for 250 profiles of a surface of a
sample quenched in liquid N2.
Fig. 19. Self-affine exponent distribution for 250 profiles of a surface of a
sample cooled at 25 8C/min.
M. Hinojosa et al. / Polymer 45 (2004) 4829–4836 4835
surfaces of ionic exchanged glass. Emergent nature, proceedings of
the international conference fractal 2002. Singapore: World Scien-
tific; 2002. p. 23.
[9] Hinojosa M, Chavez L. Glass Res 2000;9:23.
[10] Hinojosa M, Aldaco J. J Mater Res 2002;17:2002.
[11] Hinojosa M, Aldaco J, Ortiz U, Gonza´lez V. Alum Trans 2000;3:53.
[12] Hinojosa M, Aldaco J, Ortiz U, Gonza´lez JA. Microstructure and
fracture surface correlation length, Euromat; 2000. p. 1469–74.
[13] Daugier P, Henaux S, Bouchaud E, Creuzet RF. Phys Rev E 1996;53:
5637–42.
[14] Schmittbuhl J, Roux S, Vilotte JP, Maloy KJ. Phys Rev Lett 1995;74:
1787.
[15] Guerrero C, Reyes E, Gonza´lez V. Polymer 2002;43:6683–93.
[16] Wu Li X, Tian J, Kang Y, Wang Z. Scripta Metallurgica et Materialia
1995;33(5):803–9.
[17] de Arcangelis L, Redner S, Herrmann HJ. J Phys Lett 1985;46:
585–90.
[18] Bouchaud J-P, Bouchaud E. Phys Rev Lett 1993;71:2240.
[19] Ertas D, Kardar M. Phys Rev Lett 1992;79:929.
[20] Lauritzen JI, Joffman JD. J Appl Phys 1973;44:4340.
[21] Fatou JG. Encyclopedia of polymer science and engineering, 2nd ed.
Supplement volume on crystallization kinetic, New York: Wiley;
1989. p. 213.
[22] Phillips PJ. Rep Prog Phys 1990;53:549.
[23] Di Lorenzo ML, Silvestre C. Prog Polym Sci 1999;24:9107.
[24] Brandrup J, Immergut EH. Polymer handbook Ed. USA: Willey;
1989. p. V/113.
[25] Gonza´lez V, Chacon O, Hinojosa M, Guerrero C. Fractals 2002;10(3):
373.
[26] Schmittbuhl J, Vilotte JP, Roux S. Phys Rev E 1995;51:131.
[27] Hull D. Fractography. Cambridge: Cambridge University Press; 1999.
p. 242–3.
[28] Petrie SH, editor. Crazing and fracture. Engineered materials
handbook, vol. 2. Metals Park, OH: ASM International; 1987. p.
734–40.
[29] So PK, editor. Fractograhy. Engineering plastics. Engineered
materials handbook, vol. 2. Metals Park, OH: ASM International;
1987. p. 805–10.
M. Hinojosa et al. / Polymer 45 (2004) 4829–48364836
